During musculoskeletal system development, mechanical tension is generated between muscles and tendon-cells. This tension is required for muscle differentiation and is counterbalanced by tendon-cells avoiding tissue deformation. Both, Jbug/Filamin, an actin-meshwork organizing protein, and non-muscle Myosin-II (Myo-II) are required to maintain the shape and cell orientation of the Drosophila notum epithelium during flight muscle attachment to tendon cells.
Introduction
The development of the interaction between the Indirect Flight Muscles (IFMs) and the epithelial tendon cells of the dorsal thorax (notum) of Drosophila is a great model to study how forming tissues sense and respond to mechanical stress induced by inter-tissue interaction (Valdivia et al., 2017) . During notum epithelium development a subset of cells differentiates as analogs to the vertebrate tendons, serving as bridges between the IFMs and the exoskeleton (Fernandes et al., 1991; Weitkunat et al., 2014) . After 20 h of puparium formation (20 hAPF), IFMs compact generating a mechanical strain that pulls tendon cells processes towards the thoracic cavity (Olguin et al., 2011; Weitkunat et al., 2014) (Vega-Macaya et al., 2016) . Inhibiting tension buildup by either laser ablation of tendon processes, or by genetically compromising attachment formation, results in strong defects in myofibrillogenesis, indicating that mechanical load is required for muscle morphogenesis (Weitkunat et al., 2014) . On the other hand, in response to IFM compaction, muscle-tendon attachment matures and tendon cells elongate and maintain notum epithelium integrity and shape at their apical domain (Vega-Macaya et al., 2016) . How tendon cells sense and respond to mechanical stress during development remains elusive.
Living cells and tissues are in a constant state of isometric tension or tensile pre-stress, allowing them to respond to mechanical cues (Mammoto and Ingber, 2010; Matthews et al., 2006) . Studies in isolated cells have shown that deformation of the actin filament network can be sensed by actin crosslinkers and motor proteins, such as filamins and myosins, respectively (Luo et al., 2013; Ren et al., 2009 ). These molecules transmit the stimuli to membrane receptors, such as cadherins and integrins (Ehrlicher et al., 2011) , which transduce the mechanical stimulus into a transcriptional and/or posttranscriptional response that modulates the biochemical and physical properties of the cell and its environment (Butcher et al., 2009; Mammoto and Ingber, 2010;  https://doi.org/10.1016/j.mod.2018.09.002 Received 1 April 2018; Received in revised form 7 September 2018; Accepted 8 September 2018 T Matthews et al., 2006) . In addition, these proteins can also respond to mechanical stimuli by re-localizing within the cell, remodeling the microarchitecture of the actin meshwork (Ehrlicher et al., 2011) (Luo et al., 2013) We have shown that jitterbug (jbug)/Filamin, one of the two genes encoding Filamins in Drosophila, and zipper (zip)/Myosin-II, are required in tendon cells to maintain the shape and polarity of the dorsal thorax epithelium in response to the pulling forces generated by IFMs compaction (Olguin et al., 2011) (Fig. 1 ). Knockdown of either jbug/Filamin or spaghetti squash (sqh), which encodes Myo-II regulatory light chain (Karess et al., 1991) , results in notum epithelium invagination at IFMs attachment domains (Olguin et al., 2011; Vega-Macaya et al., 2016) . In addition, sqh and rho kinase (Drok), the main activator of Myosin-II, are also required for myotendinous junction formation (Vega-Macaya et al., 2016) , indicating that actin cytoskeleton organization and/or regulation mediated by Jbug/Filamin is specifically required to maintain epithelial shape and cell orientation during the muscle-tendon interaction.
Filamins are actin crosslinkers that organize actin filaments into networks and connect them to membrane receptors (Stossel et al., 2001) . Filamins form homodimers with high affinity for F-actin filaments. Its molecular structure comprise an actin binding domain (ABD) consisting of two tandem calponin-homology (CH) domains localized at the N-terminal region and a Rod domain made of immunoglobulin-like (Ig) fold repeated domain, called Filamin repeats (Fil), that extend along the whole protein (Stossel et al., 2001) . Filamins have two hinges at the C-terminal domain, which provide a high degree of flexibility and structural elasticity to adapt to mechanical forces. Since each homodimer can bind an actin filament, they organize dynamic, flexible, and resistant three-dimensional F-actin meshwork (Chen et al., 2011; Popowicz et al., 2006) .
In this work we show that jbug/Filamin knockdown phenotype is enhanced by removing a copy of Drok, suggesting that Drok regulates the actomyosin network associated to Jbug/Filamin at the apical domain of tendon cells. Then, we show that a tagged version of isoform L of Jbug/Filamin (JbugL-HA), activated Myo-II and Drok-GFP, localize at tendon processes and apical junctions of the notum epithelium during IFM compaction. Finally, we show that JbugL, but not the isoform I, which lacks the actin-binding domain, can form a molecular complex with Myo-II, supporting its role as an organizer of the actomyosin network.
These data support the idea that Jbug/Filamin and Myo-II organize Dark green line represents the mean (value in parenthesis) and red line the standard deviation (one-way ANOVA followed by Tukey's post hoc test ⁎⁎⁎⁎ p ≤ 0.0001). Note that the loss of function of Drok enhances jbug/Filamin knockdown phenotype regarding bristles orientation and anterior and lateral invaginations in the thorax (C: yellow arrows). On the other hand, the gain of function of Drok in epithelial cells does not rescue bristles orientation associated with jbug/Filamin knockdown (D).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the actin cytoskeleton of tendon cells to maintain the shape and polarity of the notum epithelium during muscle-tendon interaction.
Materials and methods

Drosophila melanogaster stocks and analysis of adult phenotypes
All the experiments were conducted under ad libitum feeding with a 12/12 h cycle dark/light at 25°C. Overexpression studies were performed by using Gal4/UAS system (Brand and Perrimon, 1993) . We used the following strains: UAS-JbugL-HA and UAS-Chas-myc (Olguin et al., 2011) ; UAS-JbugI-HA; UAS-Jbug dsRNAi (28471) (Vienna Drosophila Resource Center: VDRC); UAS-Jbug dsRNAi (39070) (Bloomington Drosophila Stock Center: BDSC); Drok 2 (BDSC); Ubi-Drok-GFP, a generous gift from Yohanns Bellaïche (Institut Curie, Paris, France) (Bardet et al., 2013) ; pannier-Gal4 (pnr-Gal4) driver, GMR-Gal4 (BDSC).
Bristles angles of notum with respect to the antero-posterior axis were measured in 30 independent insects thoraxes (n = 30) with approximately 70 bristles per image using ImageJ (National Institutes of Health), analyzed with Prism 6 software and shown as Rose diagrams (Rose 2.1.0, http://mypage.iu.edu/%7Etthomps/programs/home.htm). P values were calculated using one-way ANOVA followed by Tukey's multiple comparisons post hoc test.
Immunostaining
Notum epithelium from pupae of 24 hAPF was dissected under cold PBS1x and fixed in 4% Formaldehyde for 40 min at room temperature. Notum were incubated with the following antibodies: rabbit anti-HA 1/ 100 (Abcam ab9110) to identify JitterbugL-HA; mouse anti-GFP 1/50 (Santa Cruz) to identify Drok-GFP; anti-myc (9E10, DSHB) to detect Chas-myc and guinea pig anti-P-Sqh 1/500, kindly donated by R. E. Ward (Zhang and Ward, 2011) , to detect phosphorylated Squash. Secondary antibodies are from Jackson ImmunoResearch Laboratories and were used at 1/100. Images were acquired on a Confocal microscope Olympus IX81. Photographs were adjusted for brightness and contrast with Fiji (ImageJ 1.51s) and figures were built with Adobe Photoshop CS5 and Adobe Illustrator CS6. Co-localization analyses were performed with JACoP pluggin from Fiji (ImageJ 1.51s) (Bolte and Cordelieres, 2006) in several regions of interest (ROIs), to evaluate the distribution of Drok-GFP, JbugL-HA, Myo-II-P and Chas-myc along the tendon cells. Mander's Coefficients (M1 and M2) obtained from the ROIs of different stacks from the image, were plotted ( Figs. 3 and 4) .
Mass spectrometry and co-immunoprecipitation
In order to obtain enough material for further biochemical analyses, UAS-JbugL-HA was expressed in photoreceptor cells using the GMR-Gal4 driver and isolated from whole heads. Mass spectrometry analysis was performed using mMass 5.50. MALDI-TOF was used for signal detection. Mascot PMF was used for identification of interacting proteins. S2R+ cells were grown in Schneider medium using standard procedures. For co-immunoprecipitation, S2R+ cells were transfected with pUASt-JbugL or pUASt-JbugI, along with pUASt-PTP69DV5 and pAc5.1Gal4 (which drives Gal4 under the control of actin promoter in S2 cells) using Effectene transfection reagent (Qiagen). For co-immunoprecipitation, cells were harvested after 48 h and lysed in cold lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 5 mM β-glycerophosphate, protease inhibitor cocktail [Roche, Basel, Switzerland], 1% Triton-X100). Lysed samples were immunoprecipitated using anti-HA (Abcam ab9110) and anti-V5 (Abcam ab15828) and analyzed by Western blot using anti-HA (Abcam ab9110), anti-V5 (Abcam ab15828), anti-Zipper (Zhang and Ward, 2011) and anti-alpha tubulin (12G10, DSHB).
Results and discussion
Drok interacts genetically with jbug/Filamin
Drosophila embryonic tendon cells deploy an array of microtubules and actin filaments along the apical-basal axis, connecting the myotendinous junction with the cuticle, thus providing a structural support that contributes to maintain cell's integrity upon stretch (Alves-Silva et al., 2008) . Similarly, developing notum tendon cells display an actomyosin network from their apical side to the myotendinous junction, which plays a key role in maintaining tissue shape and cell orientation during muscle compaction. Knockdown of either, Myo-II or jbug/Filamin, results in apical indentations of the notum epithelium and cell reorientation towards the midline (Olguin et al., 2011) , suggesting that altering the organization and mechanical properties of the actin cytoskeleton may affect the tendon-cell response to pulling forces generated by IFM compaction. Further, knockdown of Drok in notum tendon cells appears to enhance cell re-orientation phenotype associated with knockdown of chascon, a gene that encodes a protein that can be found in a complex with Jbug/Filamin (Olguin et al., 2011) . Such enhancement may be a consequence of diminished phosphorylation of Myo-II at the apical side of tendon cells (Vega-Macaya et al., 2016) . Interestingly, Rho-kinase interacts with Filamin A in mice, suggesting that Filamin may act as a scaffold for Drok or other signaling components that mediate Myo-II activation in tendon cells (Ueda et al., 2003) . To test this hypothesis, we evaluated whether Drok interacts genetically with jbug/Filamin, by asking whether Drok modifies jbug/Filamin knockdown phenotype (Fig. 2) . As shown previously, animals expressing a dsRNAi targeting jbug/Filamin in the central domain of the notum epithelium, display anterior indentations of the epidermis and bristle re-orientations towards the midline (Fig. 2B,E and Fig. S1) (Olguin et al., 2011) . Strikingly, animals heterozygous for Drok 2 , a null mutation that is haplo-sufficient for these traits in a wild type background, enhances bristle reorientation towards the midline and epidermal indentations associated to jbug/Filamin knockdown (Fig. 2C,E and Fig. S1 ). On the other hand, expression of a functional Drok protein fused to GFP under the control of the Ubiquitin promoter (Drok-GFP) (Bardet et al., 2013) , does not rescue the bristle orientation phenotype associated with jbug/ Filamin knockdown (Fig. 2D,E ), suggesting that Jbug/Filamin is required for Drok function. Together, these data support the idea that jbug/Filamin and Myo-II may act in the same genetic pathway controlling tendon cell adaptation to mechanical stress. Whether Jbug/Filamin acts as a molecular scaffold for Drok in order to activate Myo-II at specific membrane domains during IFM compaction remains to be elucidated.
Jbug/Filamin and Drok co-distribute with phosphorylated Myo-II notum tendon cells
We have shown previously that Jbug/Filamin, Chascon, Myosin and actin filaments localize from the apical to the basal domain of tendon cells (Olguin et al., 2011; Vega-Macaya et al., 2016) . Further, phosphorylation of Myo-II is diminished in tendon cells lacking Drok (Vega-Macaya et al., 2016) , suggesting that Drok and activated Myo-II may localize at the same foci in tendon cells. At early stages of IFMs compaction (24 hAPF) Drok-GFP and phosphorylated Myo-II co-localize at apical cell junctions (Fig. 3A-A"' ), but to a lesser extent at tendon-cell processes and myotendinous junction ( Fig. 3B-B"') , supporting the idea that Drok is the main activator of Myo-II at the apical side of tendon cells (Fig. 3) . Finally, we found that an HA-tagged version of the isoform L of Jbug/Filamin (JbugL-HA, see below), which co-distribute with Chas in tendon cells ( Fig. 4A-C') (Olguin et al., 2011) , also colocalizes in tendon cell processes with phosphorylated Myo-II ( Fig. 4D-F') . These data strongly support the idea that Jbug/Filamin and Drok-Myo-II may act together organizing the actin cytoskeleton in notum tendon cells.
3.3. Jbug/Filamin and Myo-II forms a molecular complex jbug/Filamin locus is predicted to encode ten isoforms, four of which are representative of all of them (http://flybase.org/reports/ FBgn0028371.html). JbugL contains the first seven Filamin repeats, and along with JbugF, contains three calponin-homology (CH) domains at their N-terminal region, supporting their actin binding function (Fig. 5A) . JbugI and C consist of 17 and 4 Filamin repeats, respectively, and lack the CH domains, suggesting that they do not bind actin directly (Fig. 5A ). Based on this data, we hypothesize that JbugL but not JbugI forms a complex with Myo-II. First, we searched for candidate proteins interacting with JbugL. In order to purify high levels of protein complexes containing JbugL, JbugL-HA was expressed in photoreceptor cells under the control of the GMR-Gal4 driver and used as a bait to pull down interacting protein complexes. Mass spectrometry analysis of adult head precipitates identifies 6 proteins associated with the actin cytoskeleton: Myosin heavy chain, Spectrin alpha and beta chains, Actin and Tropomyosin 1 and 2 (Fig. 5B) . These results support the idea that JbugL interacts with the actin cytoskeleton. To confirm the interaction between Myo-II and Jbug, we expressed either JbugL-HA or JbugI-HA in S2R+ cells, since it allows to obtain enough material to coimmunoprecipitate the protein complexes associated to them with an anti-HA antibody (Fig. 5C-D) . We found that only JbugL can form a complex with Myo-II, suggesting that CH domains present in this isoform but not in JbugI are required for this function. In addition, Protein Receptor Tyrosine Phosphatase 69D tagged with V5 (PTP69D-V5), whose loss of function phenocopies jbug/Filamin knockdown defects in the notum (Olguin et al., unpublished data) and in photoreceptor axon targeting (Garrity et al., 1999; Oliva et al., 2015) , did not co-immunoprecipitate with Myo-II or Jbug isoforms, supporting the specificity of JbugL-HA-Myo-II interaction. Whether PTP69D interacts with other Jbug/Filamin isoforms, such as JbugF remains to be explored.
Conclusion
In this work, we provide genetic and molecular evidence supporting the idea that Jbug/Filamin, Myo-II and Drok act in a concerted fashion at the apical side of tendon cells to maintain notum epithelium shape during IFM compaction process. The mechanisms by which these proteins respond to pulling mechanical forces generated during muscletendon interaction remain to be elucidated. We propose a model where Jbug/Filamin organize the actomyosin network of tendon cells, and it may also serve as a molecular scaffold for signaling proteins that can modulate Myo-II motor activity, such as Rho kinase (Fig. 6) .
Supplementary data to this article can be found online at https:// Fig. 6 . Schematic model of protein interactions in response to mechanical stress in tendon cells. We propose that Jbug/Filamin on one side organizes the actomyosin cytoskeleton and at the other side might be playing a role as a scaffold for regulators of cytoskeleton such as Rho Kinase (Rock). Further, Jbug/Filamin may interact with membrane receptors as well, sensing and coupling the mechanical loads between the intra and extra-cellular environment.
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